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Type | Interferons (IFNs) are requisite components in antiviral
innate immunity. Classically, a Toll-like receptor-dependent path-
way induces type | interferons. However, recent recognition of
melanoma differentiation associated gene-5 (MDA-5) and retinoic
acid inducible gene-I (RIG-I) as primary sensors of RNA viruses for
type linterferon induction highlights a potentially unique pathway
for innate immunity. Our present investigation tracing the phylo-
genetic origin of MDA-5 and RIG-l domain arrangement (CARD1-
CARD2-helicase-DEAD/DEAH) indicates that these proteins origi-
nated specifically in mammals, firmly linking this family of proteins
with interferons in a highly derived evolutionary development of
innate immunity. MDA-5, but not RIG-I, orthologs are found in fish,
indicating that MDA-5 might have evolved before RIG-l. Our
analyses also reveal that the MDA-5 and RIG-l domain arrangement
evolved independently by domain grafting and not by a simple
gene-duplication event of the entire four-domain arrangement,
which may have been initiated by differential sensitivity of these
proteins to viral infection.

nterferons (IFNs) comprise a family of secreted proteins (cyto-

kines) produced by cells following virus infection and create an
antiviral state in neighboring cells (1-6). The relationship between
IFN and viral infection is well documented and supported by studies
employing neutralizing antibodies and IFN-receptor knockout
mice, which document a direct role for IFN in mediating host
defense against viruses (7, 8). Moreover, IFNs are now recognized
as multifunctional molecules that also provide defense against
bacterial infection (especially intracellular parasites), induce anti-
tumor activity (both direct and immune system-mediated), and
stimulate or inhibit differentiation depending on cellular context (5,
9). In addition, type I IFNs also induce apoptosis of virus-infected
cells and activate natural killer and T cells, thus activating the
adaptive immune system as well (3).

The expression of type I IFN is stringently regulated by the
activation of pre-existing transcription factors, such as IFN
regulatory factor 3 (IRF-3), NF-kB, and ATF-2-c-Jun [support-
ing information (SI) Fig. S1] (10-12). These transcription factors
are activated and, therefore, type I IFN is induced by bacterial
components, such as lipopolysaccharide, and CpG DNA in
leukocytes, such as macrophages and dendritic cells, as well as by
viral infection (13, 14). Targeted-gene-disruption studies indi-
cate that Toll-like receptors (TLRs) recognize pathogen-
associated molecular patterns. TLR3, TLR4, mouse TLR7 (hu-
man TLRS8), and TLRY function as signaling receptors for
extracellular double-stranded RNA (dsRNA), lipopolysaccha-
ride, viral single-stranded RNA, and CpG DNA, respectively
(15-18). The interaction of these pathogen-associated molecular
patterns with the extracellular leucine-rich repeat of the TLR
facilitates the recruitment of adaptor molecules to the cytoplas-
mic Toll-IL-1 receptor domain of the TLR (19). The adaptors
MyDS88, IL-1 receptor associated kinase (IRAK), and TRAF6
are recruited by many TLRs and activate signaling cascades. For
TLR7 and TLRY, type I IFN is induced by this MyD8S-
dependent pathway (19). TLR4 and TLR3 activate an additional
signaling pathway called the MyD88-independent pathway,
which recruits another adaptor molecule, Trif, and activates a
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second set of genes, including those of type I IFN, through
activation of IRF-3 (20, 21). However, for most cell types, it has
been postulated that the replication of viruses results in an
accumulation of intracellular dsRNA, which triggers host re-
sponse mechanisms that include expression of type I IFN (22).
This signaling pathway is apparently distinct from that mediated
by TLR3 and constitutes a major pathway activated by viral
infection.

Recent studies identified two proteins, melanoma differenti-
ation associated gene-5 (MDA-5) and retinoic acid inducible
gene [ (RIG-]), as intracellular sensors of dSRNA responsible for
induction of type I IFN (23, 24). Analysis of mda-5 or RIG-1
knockout mice demonstrates that this TLR-independent path-
way is central for innate immunity against viral infection (25-27).
Moreover, both MDA-5 and RIG-I are also IFN-stimulated
genes, thereby creating a positive feedback-loop generating a
potent anti-viral state (28, 29). MDA-5 and RIG-I contain two
N-terminal caspase (cysteine-dependent aspartate-specific pro-
teases) recruitment domains (CARDs), followed by a DEAD/
DEAH box helicase domain (Fig. 1 4) (24). The DEAD/DEAH
box helicase domains are large domains (over 300 aa) with eight
conserved short motifs (including two Walker-like boxes) dis-
tributed throughout the larger domain (called I, Ia, Ib, and II-VI)
(30-33). The DEAD and DEAH box helicase domains are each
other’s closest relatives with respect to other RNA helicase
families and are named after “the single-letter designation of the
amino acid sequence of motif II” (31). DEAD/DEAH box
domains exhibit ATPase activity while the helicase domain is
involved in unwinding of RNA. Functionally, DEAD-box pro-
teins use ATP as a substrate, while DEAH-box proteins are
promiscuous in their NTP usage (33). MDA-5 and RIG-I are
structurally similar proteins, having 23% and 35% amino acid
identity in their N-terminal tandem CARD and C-terminal
helicase domains, respectively. The helicase domain binds to
dsRNA, which leads to activation of the CARD domains (24).
MDA-5 and RIG-I interact with the CARD domain of the
mitochondrial protein IFN-B promoter stimulator-1 (IPS-1, also
known as MAVS, VISA, and CARDIF), followed by recruit-
ment of TNF-receptor associated factor-3 (TRAF-3) and acti-
vation of TRAF family member-associated NF-«B-activator
binding kinase-1 (TBK1) and inducible I«B kinase (IKKe¢)
(34-39). These kinases phosphorylate IRF-3 and IRF-7 and
activate NF-«B, and these transcription factors translocate to the
nucleus to induce type I IFN expression (40). In addition to
MDA-5 and RIG-I, LGP2, a third member of this family
containing of only the helicase domain but no CARD domains,
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Fig. 1. Diagrammatic representation of two possible pathways for the
creation of linked but divergent CARD domains. (A) Domain structure of
MDA-5 and RIG-I. Red box, CARD1; blue box, CARD2; green box, helicase
domain; purple box, DEAD/DEAH domain. The numbers represent amino acid
positions. (B) (Left) A simple domain duplication event to produce two linked
domains. In this scenario, the two domains would be expected to have similar
evolutionary histories. (Right) A more complicated pathway where linked
domains, produced by independent and divergent evolution (dotted lines) of
duplicated domains originally notin linkage, fuse to form linked domains. This
second scenario would produce domains with differing evolutionary histories.

has been identified, which functions as a dominant negative-
inhibitor of MDA-5 and RIG-I antiviral action (41).

The simultaneous presence of CARD and RNA helicase
domains in a single molecule, as observed in MDA-5 and RIG-I,
is unique. RNA helicases play significant roles in diverse pro-
cesses of RNA metabolism, including splicing, editing, transla-
tion initiation, transcription, rRNA processing, export, degra-
dation, and protein displacement from RNP (RNPase) (42).
Helicases use the energy provided by hydrolysis of ATP to
catalyze the unwinding of nucleic acid duplexes. CARD is a
structural domain composed of amphipathic a-helixes, and is
predicted to function by protein-protein interactions with both
apoptotic and antiapoptotic proteins (43). However, the con-
vergence of these two distinct functional domains into a single
molecule for specific antiviral processes represents a very in-
triguing phenomenon. Considering the uniqueness and impor-
tance of MDA-5 and RIG-I in innate immunity, we embarked on
studies to trace the phylogenetic origins of these specific do-
mains. Such an approach elucidates the evolutionary pathways
involved in the shuffling of domains, which culminated in a
unique mechanism for protecting against viral infection. The
phylogenetic analyses of these domains also provide insight into
the temporal pathways of development of innate immunity.

Results and Discussion

MDA-5 and RIG-I each contain four discrete domains (two
CARD domains, a helicase domain, and a DEAD/DEAH do-
main). Consequently, there are four evolutionary histories to
examine in deciphering the origin of these proteins; these involve
several steps of investigation. The first step is to examine if any
of the domains have ancient linkage. The second step is to
identify whether any of the four domains have similar evolu-
tionary histories, thus supporting the hypothesis that fusion
events of previously independent domains occurred. The third
step is to examine the evolutionary patterns of these singular
and/or linked domains.

Step 1: Ancient Linkage and Coevolution of Helicase DEAD Domains.

The linked state of helicase-DEAD/DEAH in Archaea is well
known and signifies that the linkage may be presumed ancient
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Table 1. ILD statistics for comparison of common evolutionary
history of CARD boxes with each other and with the helicase
and DEAD/DEAH domains

CD1 CDh2 HEL DED
CD1 — 0.68 0.45 0.91
CD2 — 0.01 0.01
HEL — 0.05

DED —

P values given in the cells of the table. Bold values indicate significant ILD
scores and hence a common phylogenetic pattern. The CARD1 boxes (CD1)
have experienced different evolutionary histories than the helicase domain
(HEL), DEAD domain (DED) and CARD2 boxes (CD2).

for the helicase superfamily of proteins (32, 44). The history of
the CARD domain linkage is more complicated. These domains,
most often associated with caspases, are found in a wide variety
of proteins from a broad array of vertebrates (45, 46).

Most caspases (cysteine-dependent aspartate-specific pro-
teases) have a single CARD domain, with the exceptions being
MDA-5, RIG-I, and Nacht proteins. Because the Nacht CARD
domains have diverged greatly from the MDA-5 and RIG-I
CARD domains (see below), we can rule out an ancient linkage
involving Nacht CARD domains. Furthermore, because the
linked CARD1/CARD?2 state in MDA-5 is found in all verte-
brates, we conclude that the linkage of the two CARD domains
in this protein occurred in the common ancestor of vertebrates.

Step 2: CARD1/CARD2 Domain Linkage by History. The linked
CARDI1/CARD?2 arrangement in the common ancestor of ver-
tebrates could have arisen by two very different processes. First,
a single CARD domain could have simply duplicated to produce
two linked domains. Second, two independently derived CARD
domains could have fused to produce the linked state (Fig. 1 B).
Consequently, we looked for evidence that any of the four
domains have directly coevolved. The domain-by-domain com-
parisons are shown in Table 1 and indicate that CARD?2, helicase
and DEAD/DEAH domains are all coevolving, as revealed by
the significant incongruence length difference (ILD) statistics
(47-49). CARD1, however, shows incongruence with the other
domains. This result indicates a different evolutionary history for
this domain relative to the other three domains, and suggests that
the CARD1 domain was grafted onto an existing CARD2-
helicase-DEAD/DEAH structure (as depicted in Fig. 1 B) at a
later time in the evolutionary history of these proteins.

Step 3: Using Phylogeny to Unravel Domain Fusion. The coevolution
analysis (see Table 1) using the ILD test suggests that there are
two independently evolving domain linkages that make up these
proteins. Consequently, we constructed phylogenies for the
domains in these proteins to examine the evolutionary history of
each. We first examined the linked helicase/DEAD-DEAH
domains and second, the genealogical relationships of the two
CARD domains.

MDA-5 and RIG-I proteins are each other’s closest relatives,
so the MDA-5 and RIG-I helicase/DEAD domain linkage most
likely arose as a result of a duplication event (Fig. 2). These
proteins are equally related to the LGP2 helicase family and the
best explanation for this arrangement is also a duplication event.
The next closest helicase family is the DICER group. Because
LGP2, MDA-5, and RIG-I are found only in vertebrates and
DICER proteins are broadly distributed phylogenetically, we
propose that the duplication event of MDA-5 and RIG-I oc-
curred in the common ancestor of vertebrates. Fig. 2 C shows a
cartoon demonstrating the best-supported route for the origin of
the helicase/DEAD structure of MDA-5 and RIG-I deduced
from the phylogenetic analyses in Fig. 2.
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Fig. 2.

Relationships of the helicase-DEAD/DEAH domains. (A) Phylogenetic tree showing the relationships of helicases. See text for details. Accession numbers

for all sequences used in this tree are in Table S1. See Fig. S2 for a magnification of this tree to observe the gene names. (B) A magnification of the blue clade
from (A). This is the clade circumscribing the MDA-5 and RIG-I helicase domain families. Accession numbers for all sequences used in this tree are in Table S1.
(C) Diagram showing the best-supported pathway for generating the helicase/DEAD domain structure in MDA-5 and RIG-I. The colors refer to colors of clades
in A. LRM stands for LGP2/RIG-I/MDA-5. Eukaryotic ancestor1 indicates an ancestor where a duplication produced the helicase/DEAD/DEAH structure and a
common ancestor of all other helicases. Eukaryotic ancestor2 indicates an ancestor where a duplication occurred that produced the DEAD RNA helicases and all
other helicases. Solid black lines indicate duplication events. Colors of major hel-DEAD families correspond to color labels of genes in the trees in A.

Phylogenetic analysis of the CARD domains is shown in Fig.
3 and Table 2, and is summarized in Fig. 4. The phylogenetic
results indicate that the CARD2 boxes were the first N-terminal
elements to be grafted to the helicase/DEAD domains. In

MDAS CARD1 cdf  MDA5 CARD2 RIGI CARD2

MmM Nod2 C2

Drv C1M
Drv C2M8
HsM C1 cdf
HsM C2 cdf
MmM C1 cdf
MmM C2R
RrM C2R
BtM C2R
CfM C2R
EcM C2R
SsM C2R
HsM C2R
MaM C2R
0aM C2R
MmM Csp
= MmM Nod1 C2
L HsM C2 nct

L——¥::F__

Fig. 3. Phylogenetic tree showing the relationships of the CARD boxes
examined in this study. Accession numbers of genes used to generate this
phylogeny are available in Table S2. The numbered stars refer to nodes in the

tree where jackknife and Bayes probabilities were calculated and are summa-
rized in Table 2.
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addition, it appears that the RIG-I CARD2 domain was grafted
first, and the MDA-5 CARD2 domain was produced by a
duplication event of the grafted RIG-I CARD2 domain. Next,
the MDA-5 CARDI1 domain was grafted to the CARD2-

Table 2. Support values for Fig. 3

Node Group Gonn Gl Bayes1 Bayes2
1 McC1 100 100 100 100
2 RC1 100 100 100 100
3 Cdf 100 99 100 100
4 RC1/MC1 100 89 69 100
5 RC1/MC1/cdf 99 85 —* —*
6 MC2 99 100 100 100
7 RC2 100 100 100 100
8 RC1/MC1/cdf/iMC2 95 96 95 100
9 Exclude node 93 51 95 100

Numbers in the first column refer to the nodes as numbered in Fig. 3.
Accession numbers for all sequences used in this tree are in Table S1. Abbre-
viations: cdf , CARDIf box; Gl, Genetic Identity transformation weighting;
Gonn, Gonnett transformation weighting; MC1, MDA-5 CARD1 box; MC2,
MDA-5 CARD2 box; RC1, RIG-I CARD1 box; RC2, RIG-I CARD2 box.

*CARDif boxes associated with MDA-5-CARD2 boxes
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Diagram showing the best-supported pathway for generating the CARD1 and CARD2 domains and ultimately the MDA-5 and RIG-I proteins.

Abbreviations: csp, caspase; cdf, CARDif. Solid black lines indicate duplication events. Dotted lines indicate fusion events that we infer from the CARD
phylogenetic analysis in Fig. 3. Colors correspond to domain family labels in Fig. 3. Alternative scenarios with fewer fusion events are less likely to represent the

evolutionary history of MDA-5 and RIG-I, as explained in Fig. 5.

helicase-DEAD domains. Because all of these domains exist only
in vertebrates, we propose that these CARD duplications all
occurred in the common ancestor of the vertebrates. Note that
MDA-5 proteins are found in fish, but RIG-I proteins are not.
We searched the existing fish databases very aggressively and did
not find RIG-I genes in any of the available fish genomes. This
result implies that the common ancestor of fish either lost the
RIG-I gene or the CARD1 domain, for RIG-I did not fuse with
the CARD2-helicase-DEAD domain structure. Based on our
analysis, the timing of this latter event would be in the common
ancestor of tetrapods.

The Evolutionary Path to Innate Immunity: A Continuing Process of
Domain Duplication and Grafting. Immunity against prokaryotes
and virus infections evolved very early in animal evolution. Toll,
Toll-like receptors, and Toll-IL-1 receptor proteins that recog-
nize pathogen-associated molecular patterns and provide pro-
tection from them have been identified in organisms in the phyla
Porifera and Cnidaria (50). In addition, the prototypic comple-
ment-effector pathway, consisting of C3 and membrane-attack
complex-perforin proteins, has also been identified in Cnidar-
ians. The evolution of type I IFNs occurred at a much later time
and type I IFNs are identified only in vertebrates (51). Knocking
out type I IFN signaling by targeted deletion of type I IFN-
receptor genes augments sensitivity of mice to even minute levels
of most viral infections, indicating that type I IFN confers
primary innate antiviral immunity (8). The observation that type
I IFNs evolved only in vertebrates, as well as our current findings
that MDA-5 and RIG-I homologs and orthologs are also de-
tected only in vertebrates, indicate that vertebrates may have
acquired additional weapons to combat invading pathogens.
Because RNA viruses are responsible for the majority of severe
and lethal diseases, there may have been intense selection
pressure for an additional pathway, consisting of MDA-5 and
RIG-I, which would sense invading RNA viruses, trigger type I
IFN production, and provide immunity. This argument is sup-
ported by our observation that MDA-5 and RIG-I CARD
domain orthologs are found mainly in mammals and marsupials,
indicating a much later time-scale of evolutionary origin. Studies
with RIG-I and mda-5 knock-out mice demonstrate that RIG-I
recognizes paramyxoviruses, influenza virus, vesicular stomatitis
virus, and Japanese encephalitis virus, whereas MDA-5 recog-
nizes picornaviruses (25-27, 52, 53). MDA-5 but not RIG-I
orthologs are identified in fish, the first chordates to evolve,
indicating that MDA-5 might precede RIG-I in evolutionary
history. The sequential evolution of MDA-5 and RIG-I might
reflect temporal exposure of organisms to different viruses, as
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exemplified by differential RNA virus recognition properties of
MDA-5 and RIG-IL.

A Circuitous Pathway to Innate Immunity. The evolution of MDA-5
and RIG-I demonstrate an intriguing and circuitous pathway
that is consistent with intense selection pressure for the existence
and maintenance of these genes. The easiest way to construct
these proteins would have been to make one and then duplicate
the entire assemblage (Fig. 5 4). However, according to the
phylogenetic analyses, there was independent fusion of CARD?2
to the RIG-I or MDA-5 helicase/DEAD domains and then
another independent fusion of CARD1 to the CARD2/helicase/
DEAD domain, ruling out simple duplications as the route to the
eventual structure of the RIG-I and MDA-5 proteins (see Fig.
5 A). Another scenario that could potentially explain the ob-
served structure of these two proteins is explored in Fig. 5 B.
While the scenario presented in this figure is not an exhaustive
presentation of all alternatives, it is the shortest alternative with
respect to number of fusions and duplications we can propose,
given the phylogenetic evidence. This alternative is less preferred
because it hypothesizes four fusion events and three duplication
events and is less parsimonious than the scenario we present in
Fig. 5 (three fusions and two duplications). We suggest, from
these data, that the MDA-5 and RIG-I domain structures are a
case where the most parsimonious evolutionary path has not
been taken, because the scenario the trees support have nearly
twice as many steps in them than required to perform simple
duplication events.

LGP2, the dominant negative inhibitor of MDA-5 and RIG-I,
contains no CARD domain, so it preceded both MDA-5 and
RIG-I in evolution. In this regard, it is useful to examine the
genetic ramifications of deleting LGP2. LGP2™/~ mice demon-
strate highly elevated type I IFN induction upon poly (I:C)
stimulation, and LGP2~/~ mouse embryonic fibroblasts are
more resistant to vesicular stomatitis virus infection, supporting
the hypothesis that the function of LGP2 is to inhibit IFN
induction upon viral infection (41). RNA interference (RNA1)
technology, which produces dsRNAs, works efficiently in non-
chordates but not in vertebrates, owing to nonspecific activation
of the IFN pathway (54). The absence of MDA-5 and RIG-I and
the presence of LGP2 and DICER in nonchordates might
explain why these organisms can employ RNAI to combat viral
infection.

Methods

Phylogenetic Matrix. MDA-5 and RIG-I orthologs and paralogs were obtained
by BLAST searches of the following fully sequenced genomes: from mammals,
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Cartoon showing two alternative pathways for generating the CARD1 and CARD2 domains and ultimately the MDA-5 and RIG-I proteins. (A) Dotted

lines indicate fusion events that we infer from the CARD phylogenetic analysis in Fig. 3. Colors correspond to domain family labels in Fig. 4. This scenario suggests
four fusion events, one each for the MDA-5 CARD1 and CARD2 boxes and the RIG-I CARD1 and CARD2 boxes. This scenario is less preferred because it infers one
extra fusion event that cannot be supported by the phylogeny in Fig. 3. (B) This scenario suggests that MDA-5 and RIG-I CARD2 boxes have coevolved tightly after
their fusion and before the duplication of MDA-5 and RIG-I whole genes. This scenario is less preferred because it suggests tight coevolution of CARD1 and CARD2
domains, which are clearly refuted by Table 1. Abbreviations: cdf, CARDIf; csp, caspase. Solid black lines indicate duplication events.

Homo sapiens, Pan troglodytes, Macaca macaque (all three primates), Mus
musculus, Canis familiaris, and Bos Taurus; from Aves, Gallus gallus; from
Osteichthyes, Tetraodon nigrovidis, Fugu rubripes, and Danio rerio; from
Urochordata, Ciona intestinallis; and from Echinodermata, Strongylocentro-
tus puprturatus (Tables S1 and S2). Searches were also made in several insect
databases and fungal databases, with no successful hits produced. Table S1
shows all of the MDA-5 and RIG-I genes we obtained from the database. In
addition, we searched the unfinished mammalian genome databases and
obtained several more orthologues for these two genes. However, with the
exception of the marsupial Monodelphus, we did not obtain both gene
categories. Therefore, we included only sequences from species with finished
genomes and from Monodelphus. We were only able to find orthologs of
MDA-5 and RIG-I in vertebrates, and specifically in mammals and marsupials,
and a matrix was constructed with these domains (see Table S1). Helicase and
DEAD/DEAH box domain orthologues and paralogues were obtained in a
similar manner from all of the fully sequenced genomes. The helicase/DEAD/
DEAH data set was trimmed to exclude multiple orthologues from several
species. In addition, we searched the unfinished mammalian genomes in the
database and obtained several more orthologues for these two genes. Table
S2 shows all of the helicase and DEAD/DEAH proteins we found in the
database.

Alignment and Phylogenetic Analysis. To explore the alignment space for these
geneswe constructed matrices using the elision method with gap scores of 0.1,
0.5, 1.0, 2.0, 5.0, and 10.0 (55). Alignments were performed using MAFFT
(multiple alignment using fast Fourier transform) (56, 57) for each of these gap
scores and then concatenated into a single matrix. Phylogenetic trees were
constructed using parsimony (58) and Bayesian (59) approaches. We used

1. Borden EC, et al. (2007) Interferons at age 50: past, current and future impact on
biomedicine. Nat Rev Drug Discov 6:975-990.

2. Zhang SY, et al. (2007) Human Toll-like receptor-dependent induction of interferons
in protective immunity to viruses. Immunol Rev 220:225-236.

3. Takeuchi O, Akira S (2007) Recognition of viruses by innate immunity. Immunol Rev
220:214-224.

4. Pestka S, Krause CD, Walter MR (2004) Interferons, interferon-like cytokines, and their
receptors. Immunol Rev 202(1):8-32.

5. Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber RD (1998) How cells respond to
interferons. Annu Rev Biochem 67:227-264.

6. Barber GN (2001) Host defense, viruses and apoptosis. Cell Death Differ 8:113-
126.

17044 | www.pnas.org/cgi/doi/10.1073/pnas.0804956105

jackknife support measures to assess robustness in our parsimony analyses,
and in addition we performed analyses with two character weighting
schemes: Gonnett and genetic identity. For the Bayesian approach we per-
formed two analyses: Bayes1, where we set the model parameter to parsi-
mony and used 1.5 million generations, and Bayes2, where we set the model
to JTT+Gamma using alpha (gamma-shape parameter) of 3.341776 with 1.5
million generations. For the CARD origin phylogeny we used NOD domains to
root the phylogeny, and for the helicase/DEAD origin phylogeny we used the
archaeal helicase domains as roots. The data matrices used in the phylogenetic
analyses are provided as NEXUS filesin Table S3 (hel-DEAD analyses) and Table
S4 (CARD analyses).

Incongruence Tests. To assess whether the four protein domains relevant to
this study (CARD1, CARD2, helicase, and DEAD/DEAH) are evolving in concert,
we used the ILD test (60). The ILD test was developed to test the congruence
of two partitions of data relevant to the same taxa. The ILD index measures the
amount of disagreement between trees generated from two different parti-
tions (61). The ILD index can be used in a test that compares an observed ILD
index with a null distribution of ILD indices generated by random permuta-
tion. Significant departure from the null distribution indicates strong congru-
ence and, hence, correlated evolutionary histories.
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